Sporoblast and sporozoite formation from oocysts of the avian malarial parasite, Plasmodium gallinaceum, after the seventh day of infection in Aedes aegypti mosquitoes offers an interesting example of differentiation involving the appearance and modification of several cellular components. Sporoblast formation is preceded by (a) invaginations of the oocyst capsule into the oocyst cytoplasm, (b) subcapsular vacuolization and cleft formation, (c) the appearance of small tufts of capsule material on the previously noted invaginations, and (d) linear dense areas located just below the oocyst plasma membrane which predetermine the site of emerging sporozoites from the sporoblast. The subcapsular clefts subdivide the once-solid oocyst into sporoblast peninsula. Within the sporoblast, nuclei migrate from the random distribution seen in the solid oocyst and come to lie at the periphery of the sporoblast just below the linear dense areas noted in the earlier stage. A typical nuclear fiber apparatus occurs in most of the nuclei seen in random sections at this stage although such a fiber apparatus may occasionally be seen in the solid oocyst stage. The nucleus, its associated fiber apparatus, and the overlying dense area appear to induce the onset of sporozoite budding from the sporoblast as well as the formation of the sporozoite pellicular complex and the paired organelle precursor. Several mitochondria are present in each sporozoite, in contrast to the single mitochondrion seen in the merozoites of the erythrocytic and exoerythrocytic stages of avian malaria infection. The paired organelles and associated dense inclusion bodies are formed by condensation of an irregular meshwork of membranebound, coarse, dense material. The nature of small, particulate cytoplasmic inclusions is described.
INTRODUCTION
A short time after an Aedes aegypti mosquito ingests a blood meal infected with the avian malarial parasite, Plasmodium gallinaceum, gametocytes are liberated from the blood cells within the midgut lumen. Microgametocytes, formed from the male gametocyte, unite with the female or macrogametocyte to form a zygote. Elongation of the zygote to the ookinete form precedes penetration of the midgut epithelium. The parasite, now termed an oocyst, migrates through the epithelium, coming to lie exterior to the midgut wall in contact with the epithelial basal lamina within 24-72 hr. The spherical oocysts enlarge gradually until, after the sixth day of infection, a series of complex changes results in the formation of large numbers of sporozoites. Numerous studies with both light and electron microscope techniques (5, 7-9, 11, 13, 20) have shed some light on the ookinete, oocyst, and sporozoite forms, but have given no insight into the successive stages involved in the transformation of the solid, spherical oocyst to the slender sporozoite form. Recently, Terzakis et al. have reported on this aspect of the developmental cycle (19) . The solid oocyst begins a series of changes at some time between the 7th and 10th days over a relatively short interval of 24-48 hr, depending on temperature. In particular (see Fig. 1 ), a process of peripheral subcapsular vacuolization initiates the oocyst changes. The vacuoles coalesce to form large clefts subdividing the oocyst into an intermediary form, the sporoblast.' From the sporoblast cytoplasm, sporozoites emerge by budding in a manner similar to merozoite formation in erythrocytic and exoerythrocytic phases of avian malaria infections (1, 10) .
The purpose of the present work is to examine in detail the transformation process outlined above since it provides excellent examples of organelle participation, particularly the nucleus and its associated fiber apparatus, in a differentiative process.
MATERIALS AND METHIODS
The midguts of adult, female Aedes aegypti mosquitoes infected with Plasmodium gallinaceum (8-A strain) were fixed in a 2.5%, solution of glutaraldehyde in 0.1 N sodium citrate buffer at room temperature. Tissue was taken daily between the 7th and 10th days following infection. On any given day in this interval, all the stages noted in the observations were seen. Fixation time varied between 15 and 69 min. Postfixation without prior rinsing was done in 1/ OsO4 in 0.1 N sodium citrate for 15-60 min. Primary fixation was also done in buffered OsO0 4 alone as part of a crude staining method to differentiate between nucleic acid-containing material (4). Dehydration was done with graded alcohols and propylene oxide followed by embedding in Epon. Sections were cut on a Porter-Blum MT-2 ultramicrotome and stained with an alcoholic solution of l % uranyl acetate followed by lead citrate prepared according to Reynolds (16) . Sections of tissue which were fixed in buffered Os04 only were stained with lead citrate alone. Unstained sections were also examined. The sections were viewed in a Siemens Elmiskop I electron microscope.
1 The term sporoblast refers to structures formed from division of the oocyst cytoplasm which will produce individual sporozoites. Sporoblast does not indicate those products of oocyst cytoplasmic segmentation which form a cyst about themselves (sporocysts) and then form sporozoites ( 13, 21 ) .
OBSERVATIONS

The Solid Oocyst
The oocyst capsule is in contact with the basal lamina of the mosquito midgut epithelium (Fig. 2) . The epithelial basal lamina can be distinguished from the oocyst capsule because of the capsule's relatively lesser density. Both the epithelial basal lamina and the oocyst capsule are composed of an amorphous, finely granular material in most sections. The occasional observation of a well ordered, gridlike structure in the epithelial basal lamina will be described in a separate communication. The oocyst capsule is an approximately 1 p broad, hollow sphere directly applied to the oocyst. Its external and internal surfaces may be smooth in sections. However, on the internal surface, capsule material often invaginates deeply into the oocyst cytoplasm and occasionally appears to hbe separate from the capsule itself (Figs. 2 and 4) .
The typical oocyst is bounded by a trilaminar plasma membrane about 90 A wide. In sections of oocyst cytoplasm, ribosomes are present in great numbers, usually randomly dispersed. Ribosome rosettes and short lengths of granular endoplasmic reticulum are common, however. Spherical inclusions of a very dense material, presumably pigment, range in size from 0.4 to 1.0 (Figs. 2 and 3 ). Within these pigment inclusions are large irregular areas of very low density and numerous, dense granules varying in size from 240 to 800 A. The granules may be solid, or ring-shaped, or occasionally have a more complex honeycomb appearance. These granules are also free in the oocyst cytoplasm and, as will be seen below, appear in all later forms, but only within the limits of the oocyst capsule. At somewhat higher magnification, the pigment material contains linear contours arranged roughly parallel to one another (Fig. 3) . Mitochondria are randomly dispersed throughout the oocyst cytoplasm. The mitochondria are most often rod-shaped, but also show tripartite budding and ring-shaped forms. Mitochondrial cristae in all forms are tubular. The nuclei in the solid oocyst are randomly dispersed (Fig. I A) . The nuclear form is roughly oval or that of an irregular polygon (Fig. 3) . A definite nuclear envelope is present, composed of two dense membranes about 75 A wide surrounding an area of moderate density about 200-400 A wide. Within the nucleus, heterochromatin and euchromatin as such are not easily differentiated. D. Appearance of a nuclear fiber apparatus (F) in manv nuclei is associated with the onset of sporozoite budding as well as formation of the sporozoite pellicular complex or outer shell, and the formation of the paired organelle precursor (P). The linear dense areas are now the inner membrane (IM) of the budding sporozoite (B). ent in the nuclei and these contain granules about 150 A in diameter and some doubled stranded fibrils (Fig. 3) . In material fixed with OsO4 alone and stained with lead citrate only, these circular areas appear comparably as dense as do typical nucleoli in midgut epithelial cells in the same section. Some nuclei in the solid oocyst may contain a fiber apparatus with its associated centriolar plaque (Fig. 3 ). Many more of these structures are present when the sporoblasts begin to give rise to sporozoites and will be described in detail below.
Vacuolated Oocyst
As mentioned in the introduction, sporoblast segregation begins with the appearance of vacuoles ranging in size from 0.2 to 2.5 /p located just beneath the oocyst capsule ( Fig. 1 B) . The vacuoles coalesce ( Fig. 5 ) and eventually form large clefts subdividing the oocyst cytoplasm into sporoblasts. In sections of the vacuolated oocyst cytoplasm bordering on the capsule, linear dense areas about 90 A wide run for short distances of 1300 1900 A (Fig. 5 ). The dense areas are roughly parallel to and about 100 A beneath the oocyst plasma membrane. These linear dense areas rarely appear before vacuole formation occurs, as can be seen in Fig. 4 . As the vacuoles and clefts form, the linear dense areas appear to migrate and come to lie at some distance from the capsule. The vacuoles contain, for the most part, material of very low density, but do have small amounts of a moderately dense, granular substance. During cleft formation, the internal surface of the capsule shows small tufts of material about 350 450 A in diameter, similar in texture to the capsule itself ( Fig. 5) . At a somewhat later stage (Fig. 6 ) the tufts are quite numerous and almost completely line what were formerly capsular invaginations into the oocyst cytoplasm.
Sporoblast and Sporozoite Formation
Sporoblasts are recognizable when the process of vacuole coalescence produces large clefts in the previously solid oocyst cytoplasm ( Fig. 1 C) . Intermediate forms as in Fig. 7 show broad peninsulae of sporoblast cytoplasm separated by such clefts. Of interest at this stage is the change in position of the many nuclei, previously randomly distributed, which now come to lie just below the sporoblast plasma membrane. Many more linear dense areas located just beneath the sporoblast plasma membrane are seen than were previously noted in the vacuolated oocyst. The sporoblast nuclei come to lie in very close relation to these linear dense areas. In some cases, a single nucleus lies in a relatively thin sporoblast peninsula and is simultaneously in close relation to two linear dense areas on opposite sides of the sporoblast (Fig. 8) . A nuclear fiber apparatus is present within most of the nuclei in a given section at this stage. The fiber apparatus may span the breadth of the nucleus (Fig. 8) or, more commonly in sections, is present at one pole only, the latter being closest to the sporoblast plasma membrane (Fig. 9) . The fiber apparatus consists of microtubules about 225 A in diameter. The microtubules converge to a point on the nuclear envelope. Rarely, this point of convergence or pole is located at a nuclear pore. Microtubules extend from the centriolar plaque toward the base of the budding sporozoite (Fig. 9) . The centiolar plaque, a diffuse zone of amorphous density, is seen at the poles of the fiber apparatus. The centriolar plaque extends both within the confines of the nucleus a short distance along the microtubules and exterior to the nucleus in the cytoplasm just below the base of the sporozoite bud (Figs. 8 and 9 ). The extent of this dense amorphous material, particularly on the cytoplasmic side of the fiber apparatus, tends to obscure both the character of the nuclear envelope at the fiber apparatus pole and the presence of the microtubules extending from the centriolar plaque to the base of the budding sporozoite. No centrioles or dividing nuclei are seen in these preparations. The central portion of the sporoblast cytoplasm is occupied by mitochondria, pigment inclusions, lipid droplets, free FIGoRE 2 A view of the solid oocyst (0) in relation to the mosquito midgut epithelium (E). The oocyst capsule (C) is in contact with the epithelial basal lamina (BL). Both the basal lamina and oocyst capsule are composed of amorphous, finely granular material, but the former is of lower density. The oocyst is bounded by a thin, trilaminar membrane (arrow). Invaginations of capsule material into the oocyst cytoplasm are clearly seen. The oocyst cytoplasm contains numerous ribosomes (RNP), mitochondria (M), pigment inclusions (PI), and dense granules (G). X 56,500.
FIGURE 3 The oocyst nucleus (N) is surrounded by a nuclear envelope (En).
A nucleolus (Nu) is at one side of the nucleus and contains granules about 150 A in diameter and a dense amorphous material. A fiber apparatus (F) with its associated centriolar plaque (CP). Pigment inclusions (PI) and dense granules are seen. X 66,800. FIGURE 4 A small portion of a solid oocyst (0) and its capsule (C). Linear dense areas (D) appear before vacuole formation occurs. These dense areas lie parallel and internal to the oocyst plasma membrane and have an associated amorphous dense material which makes them appear thicker than the oocyst plasma membrane. X 55,500. ribosomes, granular endoplasmic reticulum, and small dense granules.
As the emerging sporozoite begins to bulge away from the sporoblast cytoplasm, the rudiments of lhe pellicular complex are complete (Fig. 10) . The sporoblast plasma membrane is the outer membrane while the linear dense area is the inner membrane of the pellicular complex. Immediately below the inner membrane are the peripheral fibrils of the pellicular complex. The peripheral fibrils extend from a small area of amorphous density at the sides of the base of the budding FIGURE 6 At a somewhat later stage than seen in Fig. 5 , a considerable space has developed between the capsule (C) and the evolving sporoblast (S). The small tufts of material (arrows) identical with capsule material are seen readily on the internal surface of the capsule. X 24,000.
sporozoite anteriorly to the conoid close to the inner sporozoite membrane (Fig. 13) . In oblique sections at this early stage of sporozoite budding, the conoid, the most anterior point of the sporozoite, is essentially complete (Fig. 12) .
As sporozoite budding proceeds, a circular profile about 0.3 in diameter appears just below the anterior portion of the pellicular complex (Fig. 10) . This profile is one of the precursors of the future paired organelle. When first seen, it has a broad, dense, often interrupted, limiting membrane. This precursor form contains very coarse, dense material arranged in an irregular meshwork. As budding proceeds it migrates with the anterior end of the sporozoite. The initial appearance of the precursor of the paired organelle occasionally may coincide with the presence of a nearby nuclear fiber apparatus. In some instances there may only be a nucleus without a fiber apparatus in close proximity.
Further sporozoite budding is accompanied by an orderly ingress of sporoblast organelles and some inclusions. The paired organelle precursors lead this procession and undergo further development characterized by a condensation of the formerly coarse granular meshwork into a very dense, compact, pear-shaped inclusion (Fig. 11) . At the anterior portion of these inclusions, a slender extension or ductule leads to the region of the conoid (Fig. 11) . Its termination there is obscure. In addition, more than two dense inclusions can be seen forming at this time, indicating that the term paired organelle is perhaps a misnomer. However, the slender ductules leading to the conoid cannot be demonstrated for all these bodies. Below the inclusion bodies or paired organelles is the nucleus, which conforms to the elongated shape of the sporozoite and is quite slender as compared to its previous form in the sporoblast. Below the nucleus, as many as three mitochondria can be seen apparently migrating into a single sporozoite in random sections (Fig.  13) . Free ribosomes and granular endoplasmic reticulum also make their way into the sporozoite along with the aforementioned organelles. No lipid droplets or pigment inclusions as such are found in the sporozoites, but the small dense granules seen during earlier stages of development are scattered throughout the sporozoite cytoplasm. It should be noted that these small dense granules appear even in unstained sections on unsupported grids.
DISCUSSION
The ultrastructure of the ookinete and sporozoite forms of Plasmodium gallinaceum have been described by Garnham et al. (5, (7) (8) (9) . The paper by Terzakis et al. (19) and the present work are the only published descriptions of the development of the Plasmodium gallinaceum oocyst. However, for the purposes of discussion, some comparisons will be made with the study of oocyst development in Plasmodium cathemerium by Duncan et al. (3) .
Duncan et al. concluded their paper with the observation that, although early oocysts are multinucleate, there is no indication of cytoplasmic segmentation, leaving unanswered the question of how the abrupt transition from the solid oocyst to individual sporozoites comes about. As noted, FIGURE 7 Sporoblast peninsulae (S) are separated from each other by clefts (Cl). As the sporoblasts develop further, the cytoplasmic connections between adjacent sporoblasts become more attenuated. The nuclei (N), which had a random distribution in the solid oocyst, come to lie at the periphery of the sporoblast just beneath the sporoblast plasma membrane in close relation to the linear dense areas (D) noted previously in the vacuolated oocyst. Pigment inclusions (PI) occupy a central position in the sporoblast. Capsule (C). Hemocele (H). X 11,400.
Terzakis et al. (19) elucidated the mechanism of this transition. In the present study, further observations of this process show that peripheral subcapsular vacuolization is preceded by invaginations of capsule material into the oocyst cytoplasm. Small tufts of material very similar to, and presumably identical with, capsule material line these capsular invaginations and remain at later stages. Duncan et al. also observed capsular invaginations into the oocyst cytoplasm of Plasmodium cathemerium and felt that these invaginations were important in the nutrition of the parasite. The process of peripheral vacuolization which is part of the differentiation of solid oocyst to sporoblast occurs in close proximity to the capsular invaginations. The vacuolization process might occur in a number of ways. One of the more obvious modes would be vacuole formation as a FIGURE 8 Nuclei (N) occupy a unique position such that the nuclear fiber apparatus (F) and associated centriolar plaques ((lp) come to lie just beneath budding sporozoites (B). The point of emergence of sporozoite buds is denoted by linear dense areas (D) just below the sporoblast plasma membrane. Note the amorphous density of the centriolar plaque extending both internal and external to the nucleus. Sporoblast cytoplasm (S). Precursor of the paired organelle (P). X 66,800. result of oocyst cytoplasmic secretion. However, there is nothing observable in the present study to indicate that such a mechanism exists. Another possibility is that a change in the ionic concentration in the subcapsular area could lead to a net accumulation of fluid and explain the changes noted. In this regard, the small tufts of material located upon capsule invaginations may be implicated in such an ionic change. Fortunately, methods exist now to test this sort of hypothesis by the ultrastructural identification of small ions (12) .
The initial change in oocyst transformation is the appearance of the linear dense areas located just below the solid oocyst plasma membrane. These dense areas represent the presumptive point of emergence of future sporozoites and appear before oocyst subdivision occurs. Additional dense areas may appear below the sporoblast plasma membrane as oocyst transformation proceeds. There is no indication of the origin of these dense areas in the earlier or later stages.
During the complex series of changes from solid oocyst to sporoblast and sporozoite stages, the nuclei change in location and morphology. The distribution of the nuclei in the solid oocyst phase is random (Fig. 1 A and B) . However, once presumptive sporoblasts begin to form as a result of oocyst vacuolization and cleft formation, the nuclei all come to lie quite close to the sporoblast FIGURE 9 An oblique view through one pole of the nuclear fiber apparatus (F) showing the dense centriolar plaque (CP) in disclike profile. Note the extension of the amorphous, dense material of the centriolar plaque beyond the nucleus into the base of a budding sporozoite (B). The arrow denotes the extension of fiber apparatus microtubules into the amorphous density of the centriolar plaque. X 72,000. FIGURE 10 A sporozoite bud (B) emerging from the sporoblast cytoplasm (S) is covered by the sporoblast plasma membrane, which will be the outer membrane of the pellicular complex. Immediately below and parallel to the outer membrane is the previously seen linear dense area, which will be the inner membrane of the pellicular complex. Below this is a cross-sectioned microtubule, which will be one of the peripheral fibrils (PF) of the pellicular complex. The arrows outline a paired organelle precursor (P) consisting of a coarse meshwork of dense material bounded by an incomplete membrane. X 114,000. FIGURE 11 The anterior portion of three budding sporozoites is shown. Condensation of the coarse meshwork of material of the paired organelle precursor (P) into the very dense granular paired organelle (PO) is seen in two of the sporozoites. A slender ductule (Du) extends from one of the paired organelles to the conoid region. Three dense bodies are seen in the uppermost sporozoite, indicating that the term "paired organelle" is a misnomer. X 101,000. The appearance of the fiber apparatus in the parasite nuclei is strikingly similar to the observations of Robinow and Marak (17) and Moor (14) in yeast, to those of Aikawa (1) and Aikawa et al. (2) in the erythrocytic stages, and to those of H[epler et al. (10) in the exoerythrocytic stages of avian malarial parasites. Before proceeding to a discussion of the nuclear fiber apparatus, it might be worth while to restate briefly its definition according to Robinow and Marak (17) . A fiber apparatus consists of intranuclear fibers and their associated pair of dense centriolar plaques. In the present study, the fiber apparatus is quite similar to the one originally described by Robinow and Marak. The nuclear envelope remains intact, and at least one and often both of the poles of the fiber apparatus are in very close relation to the point of emergence of a future sporozoite. Characteristically, the fibers are 225 A microtubules extending between polar points on the nuclear envelope. The amorphous densities or centriolar plaques located at these polar points occupy both intranuclear and extranuclear positions. The centriolar plaque also tends to obscure the extension of the fibers into the cytoplasm although such an extension has been documented by Moor (14) in yeast with the freeze-etching technique. The location of the poles at a nuclear pore is seen definitively in a rare instance in the present study although this feature has been detailed by the studies on yeast by Robinow and Marak (17) and Moor (14) and in avian malarial erythrocytic and exoerythrocytic stages by Aikawa (1), Aikawa et al. (2) , and Hepler et al. (10) . In all of these previous studies, the function of the fiber apparatus has been discussed in relation to nuclear division. The fact that nuclear division was never observed in the present study indicates that more study is required. However, two factors noted in the present study raise the possibility of an inductive function for the fiber apparatus. These are (a) the unique location of this apparatus in close proximity to the point of emergence of the future sporozoites, and (b) the fact that the appearance of the fiber FIGURE 13 As many as three mitochondria (Ml, M2, M3) may migrate into a given sporozoite, but two are usually seen. The peripheral fibrils (PF) of the pellicular complex arise abruptly from areas of amorphous density at the sides of the base of the sporozoite bud (arrows). Mitochondrial cristae (MC). X 83,000. apparatus coincides with three important events: the onset of sporozoite budding, the formation of the pellicular complex, and the onset of paired organelle formation. It is noted above that the dense cytoplasmic component of the centriolar plaque extends to the base of the budding sporozoite. An amorphous, dense area is present at the sides of the sporozoite base even after the sporozoite has attained a considerable length. The pellicular complex originates precisely at the lateral margin of the base of the sporozoite bud. In addition, the nucleus is the only cell organelle in close proximity to the paired organelle precursor. When all of these observations are considered together with the migration of sporoblast nuclei from a random orientation to positions in close proximity to the point of emergence of the sporozoites, it seems clear that the nucleus and its fiber apparatus are associated with the processes of budding, pellicular complex, and paired organelle formation.
In previous work, Terzakis et al. (19) noted a dense mass in the nuclei of the solid oocyst and identified it as a chromatin mass. An attempt to distinguish the nucleic acid-staining properties of this mass reveals that it strongly stains for RNA and therefore should more properly be termed a nucleolus. This stain affinity is compatible with the observation that these areas contain dense granules about 150 A in diameter. No conventional histochemical studies on this matter have been reported.
The mitochondria seen in this study are similar to those in other malarial parasites (3, 15) and 'rotozoa in general (18) . However, multiple mitochondria were seen in the sporozoite form in the present study, in contrast to the finding of a single mitochondrion in merozoites of erythrocytic and exoerythrocytic stages.
The present study documents the development of the paired organelle and associated dense inclusion bodies. As pointed out by Aikawa (1), the ultrastructural similarity of the paired organelles and the smaller dense inclusion bodies seen in merozoites and sporozoites suggest a similar function for these structures. In addition, the present study shows that a dense body forms in much the same way as a paired organelle, i.e. by condensation of a coarse meshwork of membrane-bound material in the anterior portion of the budding sporozoite. The use of the term convoluted tubules for the dense bodies originally proposed by Garnham (5) is confusing, because there has never been a demonstration of either convolutions or tubules. After merozoite invasion of host tissue, both paired organelles and dense inclusion bodies rapidly disappear, suggesting that the functional activity of both is related to this invasion (1, 10) .
The appearance of very dense granules of varying size, some of which have internal substructure, within oocyst and sporozoite forms has been detailed by previous authors. Garnham (5) felt that these granules were most likely an artifact of beam interaction with uranium molecules from the staining solution. Duncan et al. (3), who did not use the uranium-containing stain, felt that this peculiar granular material was a form of the characteristic pigment of the parasite. In the present work, the ubiquitous appearance of these granules overlying cellular organelles and appearing beside the budding sporozoites tends to confirm the feeling that the granules are a form of artifact. On the other hand, the granules were never seen outside the boundary of the oocyst capsule. Furthermore, unstained preparations confirm their presence, discounting the idea that they may represent a staining artifact. Finally, as noted above, the granules are seen in the solid oocyst stage to be most often associated with dense pigment granules. Although these particles may be genuine, their significance is unknown.
The differentiative process illustrated here fills an important gap in the knowledge about the complex changes involved in sporozoite formation from the solid oocyst of Plasmodium gallinaceum. Vacuole and cleft formation are essential to oocyst cytoplasmic subdivision leading to sporoblast formation. The linear dense areas which appear beneath the oocyst and sporoblast plasma membrane, together with the sporoblast nucleus and its associated fiber apparatus, appear to initiate sporozoite budding from the sporoblast and are important in the formation of the pellicular complex and paired organelle precursors.
